We investigated the effect of brown ring disease (BRD) 1 development and algal diet on energy reserves and activity of enzymes related to energy metabolism, antioxidant system and immunity in Manila clam, Ruditapes philippinarum. We found that algal diet did not impact the metabolic response of clams exposed to Vibrio tapetis. At two days post-injection (dpi), activities of superoxide dismutase and glutathione peroxidase (GPx) decreased whereas activities of nitric oxide synthase (iNOS) and catalase increased in infected clams, although no clinical signs were visible (BRD-). At 7 dpi, activities of several antioxidant and immune-related enzymes were markedly increased in BRD-likely indicating an efficient reactive oxygen species (ROS) scavenging compared to animals which developed clinical signs of BRD (BRD+). Therefore, resistance to BRD clinical signs appearance was associated with higher detoxification of ROS and enhancement of immune response. This study provides new biochemical indicators of disease resistance and a more comprehensive view of the global antioxidant response of clam to BRD development.
Introduction
The bacteria Vibrio tapetis is the causative agent of Brown Ring Disease (BRD) which has affected the Manila clam Ruditapes philippinarum worldwide since the late 80's . The main clinical sign of BRD is a brown organic deposit called conchiolin on the inner shell of the clam. This defense response of the mantle is called "nacrezation" and involves the deposition of conchiolin to enclose the pathogen followed by the deposition of new calcified layers which may lead to shell repair (Paillard and Maes, 1995; Trinkler et al., 2010) . When these defense responses are not sufficient, lesions occur and the pathogen invades the host leading to septicaemia and death (Allam et al., 2002) .
Bacterial exposure can induce important alterations in the energy reserves of bivalves and consequently on their metabolism. For instance, clams infected with V. tapetis exhibit glycogen reserve depletion, weight loss and lower condition indices (Goulletquer and Université de Bretagne Occidentale, 1989; Plana, 1995; Plana et al., 1996) . Also, energetic status of the host plays a major role in the outcome (death or recovery) of a bacterial infection in bivalves (Paillard, 2004 ; Flye-Sainte-Marie et al., 2007; Genard et al., 2013) . For instance, oyster Crassostrea virginica larvae exposed to Vibrio coralllilyticus show a marked decline in food intake which coincides with lower triglyceride and protein content, the two main energetic reserves in bivalve larvae ( Genard et al., 2013) .
The invertebrate immune system is non-adaptive or innate and incorporates cellular and humoral components (Ellis et al., 2011). The main cellular defense mechanism relies on phagocytosis by immunocompetent cells known as haemocytes, and it consists of several steps including recognition, chemotaxis, attachment, incorporation and destruction through 
Carbohydrate

166
Carbohydrates contents were analyzed using the method of Dubois et al. (Dubois et  167 al., 1956). Carbohydrates were extracted from Ma in a 10 mM phosphate buffered saline 168 (PBS) containing EDTA (1mM) and Triton® X-100 (0.1%) at the ratio of 50 mg of powder in 169 250 µL of buffer. Standard solution of 0.4 mg/mL glucose was serially diluted in PBS (ranging 170 from 0.4 to 0.01 mg/mL) to provide a standard curve for the assay. Then, 500µL of 5% 171 phenol solution was added to 250 µL of samples and standard solutions. The resulting 172 solution was allowed to incubate during 40 min in the dark. The colorimetric reaction was 173 initiated by addition of 2.5 mL H 2 SO 4 . After 40 min, all solutions were placed in cuvettes and 174 absorbance was read at 490 and 600 nm on an Uvikon 941 (Kontron instruments). 175
Carbohydrate content was calculated using a standard curve and the following expression: 176
Where ‫ܦܱ‬ ௦ is the sample optical density of the sample; ‫ܦܱ‬ ௦,ସଽ is the sample optical density 177 at 490 nm; and ‫ܦܱ‬ ௦, is the sample optical density at 600 nm. Results are expressed as mg 178 per g wet weight. 179
Protein
180
For each sample, 50 mg of powder was homogenized in 250µL of extraction buffer 181 using an Ultra-Turrax®. Two extraction buffers were tested and used for enzymatic assays in 182 order to avoid interactions with assays buffers and therefore with enzymatic activities. The 183 extraction buffer used prior to SOD, PO, PK, HK, CS, GPx-t and GPx-Se enzymatic assays 184 consisted in NaCl (150mM), Tris HCl (10mM), EDTA (1mM), EGTA (1mM), phosphatase 185 inhibitor cocktail II (1%; Sigma-Aldrich), Triton® X-100 (1%; Sigma-Aldrich), CA-630 Igepal® 186 (0.5%; Sigma-Aldrich) and 1 tablet/25mL of complete EDTA free protease inhibitor cocktail 187 (Roche) (Corporeau et al., 2012). The extraction buffer used prior to CAT, GR, GST, NOS and 188
TrXR enzymatic assays consisted in Phosphate buffered saline (PBS 10mM; Sigma-Aldrich), 189 EDTA (1mM) and Triton® X-100 (0.1%; Sigma-Aldrich). After homogenization, samples were 190 centrifuged at 1000g for 10 minutes at 4°C to eliminate the lipid fraction of the samples and 191 then centrifuged at 10000g for 45 minutes at 4°C. The resulting supernatants were splitM A N U S C R I P T A C C E P T E D France) (ranging from 5 to 100 mU/mL), which was used as a standard for this reaction. One 207 hundred and sixty µL of assay buffer (0.25 mM acetyl-CoA, 0.125 mM DTNB and 100 mM 208
Tris-HCl) were added to wells and the reaction was initiated by addition of 20 µL of 5 mM 209 oxaloacetate. In blank wells, samples were replaced by extraction buffer. Absorbance was 210 monitored for 10 min at 412 nm. Results are expressed in U/mg protein; one U being defined 211 as the amount of enzyme catalyzing 1 µmole of TNB per min (ε TNB, 412 = 13.6 mM -1 . cm -1 ). 212
Pyruvate Kinase (PK, EC 2.7.1.40) and hexokinase (HK, EC 2.7.1.1) activities were 213 measured using the protocol developed by Greenway and Storey (Greenway and Storey, 214 1999) . Twenty µL of protein supernatant were loaded in triplicate wells and 20 µL of 215 extraction buffer was used for the blank wells. For PK, 180 µL of assay buffer (100 mM 216 imidazole-HCl, 50 mM KCl, 5 mM MgCl 2 , 10 mM phosphoenolpyruvate, 2 mM NADH, 0.2% 217 (v/v) rotenone saturated ethanol and 1 U/mL lactate dehydrogenase) were added to the 218 wells and the reaction was monitored for 15 min at 340 nm. For HK, the reaction was 219 initiated by addition of 200 µL of assay buffer (100 mM Tris, 1 mM EDTA, 2 mM MgCl 2 , 5 mMM A N U S C R I P T A C C E P T E D 
Antioxidant enzymes 225
Total Superoxide Dismutase (t-SOD, EC 1.15.1.1) activity was measured using the SOD 226
Assay Kit (Sigma-Aldrich, France) following a modified procedure . 227
Briefly, the inhibition of the xanthine/xanthine oxidase complex was followed recording the 228 absorbance at 440 nm after 20 minutes of incubation at 25°C. Additionally, mitochondrial 229 SOD (Mn SOD) activity was assayed by addition of potassium cyanide, which was found to 230 inhibit specifically cytosolic SOD (Cu-Zn SOD) at concentrations above 2mM in Mytilus edulis 231 (Manduzio et al., 2003) . In a preliminary assay, we tested a range of potassium cyanide 232 concentrations (0 -10 mM) and the 5 mM concentration was selected for the Mn SOD assay 233 in clams. Mn SOD activity and subsequently Cu-Zn SOD activity (calculated as the activity 234 difference between t-SOD and Mn SOD) were assayed using the same kit and adding 5 mM 235 potassium cyanide to the assay buffer. All SOD activities are expressed in U/mg total protein 236 where one unit is the amount of enzyme necessary for inhibiting by 50% the 237 xanthine/xanthine oxidase complex. 238
Catalase (CAT, EC 1.11.1.6) activity was assessed following Aebi (Aebi, 1984) . 
Where ‫ܦܱ∆‬ ݉݅݊ ⁄ is the value of increment of optical density per minute; ݂ ௗ,௦ is the dilution 305 factor applied to the sample; and ‫]݊݅݁ݐݎ[‬ is the protein concentration of the sample in 306 mg/mL. 307
Statistical analyses
308
Given the unbalanced nature of the sampling design, injection, BRD status and 309 sampling time were merged into one explanatory variable, hereafter referred to as 310 "treatment". Treatments consist of seven conditions: control at 2 dpi, BRD-at 2dpi, control 311 at 7 dpi, BRD-at 7 dpi, BRD+ at 7 dpi, control at 30 dpi and BRD+ at 30 dpi. with data collected at all sampling times and secondly for each sampling time. 324
Statistical analyses were carried out using R 3.1.2 Software (R Development Core 325
Team, 2011). PERMANOVA were achieved using adonis function and the homogeneity of 326 multivariate dispersions were tested using betadisper function from the vegan package 327 (Oksanen et al., 2015) . The rda function from vegan package was used for PCAs analyses and 328 the subsequent biplots were drawed using ggplot2 package (Wickham and Chang, 2015) . 329 ANOVA using type III error were performed using the Anova function from the car package 330 calcitrans were rich in 20:4n-6 and 20:5n-3 and poor in 22:6n-3 while this is the inverse 340 pattern for those fed T-Iso (Table 3) . 341
However, polar lipids of clam Ma at 7 dpi were much less influenced by the diet. 342
Indeed, levels of 20:4n-6, 20:5n-3, 22:6n-3, in polar lipids of animals fed C. calcitrans were 343 5.4%, 7.4%, and 19.5% compared to 5.0%, 5.7%, and 21.6% in those fed T-Iso, suggesting 344 that selective incorporation/elimination of dietary fatty acids has occurred in this organ. 345 At 2 dpi, activities of Cu/Zn-SOD and CAT were not significantly influenced by 363 injection x BRD status, although they were respectively 23 % lower and 27 % higher in BRD-364 than in control (Figure 3, Appendix B) . Also, activity of Se-GPx in BRD-was 46 % lower than 365 that of control. Finally, activity of iNOS was 24 % higher in BRD-than that of control. 366
Metabolic response of clam
At 7 dpi, activities of antioxidant enzymes (t-SOD, CAT, GR) and PO in BRD-were 20 to 367 40 % higher than those recorded in other animals, regardless of sampling times and BRD 368 status (Figure 3, Appendix B) . Activity of Se-GPx in BRD+ was 54 % lower that of BRD-at 7 dpi 369 (Figure 3 , Appendix B). Activity of GST was not significantly impacted by treatment at 7 dpi, 370 although it was 29 % lower in BRD+ than in control and BRD-(Appendix B). Finally, activity of 371 iNOS in BRD+ was 30 % higher than that of control at 2 and 7 dpi and BRD-at 7 dpi (Figure 3,  372 
Appendix B). 373
At 30 dpi, principal component analysis (PCA) and PERMANOVA by sampling times showed 374 that there was no significant effect at this sampling time (Table 4) . 375 
Late response at 7 dpi 423
Resistance to BRD clinical signs appearance is associated to higher detoxication of ROS and 424
PO activities 425
Activities of several antioxidant enzymes (t-SOD, CAT) were markedly increased in 426 BRD-, compared to BRD+ and control, at 2 and 7 dpi (respectively, +22 % and +41 %). Over-427 activation of these antioxidant enzymes in BRD-coincided with an increase in GR activity 428 (+22 % compared to control and BRD+ at 2 and 7 dpi), likely reflecting the regulation of 429 glutathione redox status for its further use, both in Se-GPx functioning and also as a non Concomitantly, the activity of PO was 31 % higher in BRD-compared to that of BRD+ 438 and control at 2 and 7 dpi. Interestingly, oysters Saccostrea glomerata selectively bred for 439 QX disease resistance exhibit a similar increase in PO activity compared to wild animals (Butt 440 and Raftos, 2008). It is therefore likely that increased PO activity in clams exposed to V. 441 tapetis is related to a resistance to BRD clinical signs appearance as previously suggested for 442 antioxidant enzymes. 443
Taken together, these results suggest that in V. tapetis-challenged clams at 7 dpi, a 444 resistance to BRD clinical signs appearance can be measured and was associated with 445 M A N U S C R I P T
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detoxification of ROS by antioxidant enzymes and the production of toxic quinones through 446
PO. 447
Appearance of BRD clinical signs is associated with lower GST activities and higher iNOS 448 activities 449
The activity of GST, an enzyme associated with xenobiotics and lipid peroxide 450 detoxification, tended to be lower in BRD+ compared to that of BRD-and control at 7 dpi (-451 29 %). Concomitantly, t-SOD, CAT and Se-GPx activities of BRD+ were lower than those of 452 BRD-at 7 dpi (respectively, -22 %, -41 % and -54 %). Altogether, our results could suggest 453 that BRD+ were exposed to higher level of peroxidized lipids and ROS at 7 dpi than BRD-as 454 lipid peroxidation increase has previously been associated to decreased antioxidant activities 455 in M. edulis (Viarengo et al., 1991; Power and Sheehan, 1996) . However, unsaturation index 456 of polar lipids, an indicator of lipid peroxidation (Hulbert, 2003; Munro and Blier, 2012) , was 457 similar in BRD-, BRD+ and control at 7 dpi, such that the reduction in GST and antioxidant 458 activities in BRD+ was not sufficient to alter the polar lipids of clams. 459
In addition, the activity of iNOS was 20% higher in BRD+ compared to that of control 460 clams at 2 and 7 dpi and BRD-at 7 dpi, likely leading to higher levels of NO and RNS in these 461 animals, as previously reported (Jeffroy and Paillard, 2011) . Over activation of iNOS had 462 already been reported at 2 dpi as an early response to V. tapetis injection, and BRD+ at 7 dpi 463 may keep on producing RNS to fight bacterial infection. 464 P2 n=3 T2  P1 n=3 T1  P3 n=4 T2  P2 n=3 T2  P4 n=3 T3  P3 n=4 T3  P5 n=3 T3   T-Iso  FSW  Control   P1 n=3 T13  P1 n=2 T13  P2 n=3 T14  P2 n=3 T14  P1 n=3 T14  P3 n=3 T14  P3 n=4 T15  P2 n=3 T15  P4 n=3 T15   T-Iso  V. tapetis  BRD-P1 n=3 T10  P2 n=3 T10  P1 n=2 T10  P3 n=5 T11  P2 n=2 T10  P4 n=3 T12 T-Iso V. tapetis BRD+ P1 n=3 T11 P1 n=5 T10 P2 n=3 T12 P2 n=4 T11 M A N U S C R I P T 
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